Bilayer (BL) MoSe 2 films grown by molecular-beam epitaxy (MBE) are studied by scanning tunneling microscopy and spectroscopy (STM/S). Similar to monolayer (ML) films, networks of inversion domain boundary (DB) defects are observed both in the top and bottom layers of BL MoSe 2 , and often they are seen spatially correlated such that one is on top of the other. There are also isolated ones in the bottom layer without companion in the top-layer and are detected by STM/S through quantum tunneling of the defect states through the barrier of the MoSe 2 ML. Comparing the DB states in BL MoSe 2 with that of ML film reveals some common features as well as
BL MoSe 2 thin films were grown on highly ordered pyrolytic graphite (HOPG) substrates in a customized Omicron MBE system at 400 º C under excess Se condition.
LT-STM/S measurements of the samples were done in a Unisoku system at 4 K, where the constant current mode was adopted for the STM measurements and the lock-in technique was employed for the STS experiments. the wagon-wheel like patterns. As has been discussed in detail in Ref. [16] , similar bright rims in ML MoSe 2 reflect additional electronic states introduced by the DB defects. The DB formation in MBE-grown MoSe 2 has been further found to closely depend on the MBE conditions 33 and a recent report revealed a possible vacancy-induced formation mechanism of such defects in the TMDs. 34 Statistical analysis of the patterns in BL samples reveals the sizes of the wagon-wheels are slightly larger than that in ML film. This may partly be due to a variation of the MBE condition in the course of the growth experiment or else related to the different strains in the top versus bottom layers of epitaxial MoSe 2 . Notably, the DB defects in the two layers appear spatially correlated, i.e., they often align vertically and so the ones in the second layer are dominantly on top of those in the first (bottom) layer. However, because of a lower density of the defects in the top layer, there are also isolated DBs in the first layer showing no companion in the top-layer. These defects are detected by STM due to quantum tunneling effect through the "barrier" of the top MoSe 2 ML, which will be elaborated further in a later discussion. For now, we concentrate on the morphological and electronic structures of the DB defects in BL MoSe 2 . As in ML films, each DB manifests in STM images as symmetrical twin lines, along which intensities are undulated. In an early study, 16 we attributed the twin-line structure to the very spatial distribution of the density of states (DOS) of the defects. For the undulated intensities, on the other hand, we associated them to the QWS as well as an effect of the moiré superlattice potential. The defects in BL MoSe 2 have given rise to similar mid-gap electronic states as in ML MoSe 2 , which are evidenced in the dI/dV spectrum of Fig. 2 (i) taken on one of the bright twin-lines of a defect. This is compared to Fig. 2 (ii) taken from a defect-free region of BL MoSe 2 , which shows semiconductor characteristics with a bandgap of ~ 1.7 eV. For comparison, we also present a spectrum of the DB defect in MoSe 2 ML (i.e., spectrum of Fig. 2(iii) ).
The ML and BL TMDs are known to have distinctly different properties. 25, 35, 36 For example, ML MoSe 2 is a direct gap semiconductor with the bandgap of ~ 2.25 eV while a BL MoSe 2 is an indirect gap semiconductor of a much reduced bandgap. 36, 37 Studies have also shown that for pristine TMD bilayers, coupling of electronic states between the two layers leads to upward(downward) shift of the (Q) states in the valence(conduction) bands containing predominantly the p-orbital components of the chalcogen atoms. 36 The K valley states, which are mainly of the d-orbitals of the metal, show little change upon film thickness increase from ML to BL. Consequently, the materials transfer from direct to indirect gap semiconductors with increasing film thickness. For the DB defects, the induced mid-gap states expectedly suffer from the same effects and will exhibit some common and different features in the STS spectra between ML and BL MoSe 2 . Particularly, because the defects in the two layers of the BL MoSe 2 film are spatially correlated, the close proximity of the defects will lead to coupling. Comparing (i) and (iii), one observes groups of conductance peaks, such as those circled by the solid and dashed black lines, to appear similar between ML and BL films. They also show approximately the same energy separation despite the shifts of the absolute energy positions between ML and BL spectra. The latter may be attributed partly to the band bending effect or the difference in electron affinity between ML and BL films, 38 or else to an effect of coupling of the defect states in the BL film. In spectrum (i), one further observes additional peaks (e.g., arrow pointed ones) that are not present in the ML spectrum, signifying the dependence of the defect states on film thickness. level to the applied sample bias. Therefore, the defects can still be visible at the bias outside the bandgap (e.g., Fig. 4b ) (note, however, that there are resonant states, which will also contribute to the STM contrast). On the other hand, because the tunneling matrix is dominated by states at the energy of bias, the contrast of the defects in STM become increasingly weaker as the bias is further shifted from the band gap edge to deeper in the valance band (Fig. 4c) . In addition to the line defects visualized by STM/S, point defects are also observed by STM/S through the ionization process by the tip-induced electric field.
For example, Fig. 5a shows a STS map of a MoSe 2 BL, in which an elliptical bright feature is clearly discernable. As one decreases the bias of the measurements, the size of the ellipse shrinks (see Supplementary S1) and becomes invisible below 0.38 V (Fig. 5b) . This morphological feature and its bias-dependence signify an ionization process of a donor defect in MoSe 2 .
42-45
Low electron density on the surface of MoSe 2 cannot shield the tip induced electric field during STM measurements, so the field effect inside the semiconductor MoSe 2 must be taken into account. At a sample bias above the "flat-band" condition, the penetration of the electric field in ultrathin MoSe 2 layer lifts the energy bands upward, inducing a transition of the charge state of a donor defect at a sufficiently high voltage (see Fig. 5c ). This, in turn, leads to an enhancement in the tunneling current and manifests in the STS map by a bright ring such as in Fig. 5a . [42] [43] [44] [45] Obviously, the electric field is the strongest direct underneath the tip, so the band shift 6b shows two individual STS spectra taken at different lateral positions relative to the defect (marked in Fig. 6a) , from which one observes clearly the ionization peak at energies above the conduction band edge, e.g., at about 0.6 eV in the top curve taken from inside the ionization ring of the dI/dV map. It is absent in the spectra taken from outside of the ionization ring (e.g., the bottom curve). This reaffirms the electric field effect inducing the ionization of donor defect in MoSe 2 . In principle, one can perform simulations of the energy-dependent ionization ring or the position-dependent dI/dV diagram (i.e., the parabola) to derive the binding energy and/or other properties of the defect and the host material. There are, however, complications due to a few unknown parameters, such as the STM tip characteristics and the contact potential, which would affect the fitting results. 42 Nevertheless, based on appropriate assumptions of such parameters, one may still provide order-of-magnitude estimates of the defect binding energy and/or the dielectric constant of the film. For ultrathin TMDs, one of the important material properties is the dielectric constants ( ). The much reduced in ML and BL TMDs than that of the bulk crystal contributes to the enhanced exciton binding energies, for example. 49 It is thus quite appealing to provide independent experimental evaluations of such a parameter than the exciton binding energy measurements by optical methods.
Coulomb potential profile associated with an ionized donor defect in a film will contain such information, so the result of Fig. 6 can be used to extract such a quantity. For the STS measurements, the lock-in technique was employed using the modulation voltage of 15 mV and frequency of 985 Hz. The differential conductance (dI/dV) spectra were taken at each point of an image with same starting voltage and current and the same lock-in parameters. The dI/dV map was acquired by plotting the dI/dV data at a particular energy for every point of the image.
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